Although recent studies have shown that immunological processes play an important role in the pathophysiology of mood disorders, immune activation may only be present in specific subgroups of patients. Our study aimed to examine whether immune activation was associated with (a) the presence of manic symptoms and (b) the onset of manic symptoms during 2 years of follow-up in depressed patients. Patients with a depressive disorder at baseline (N ¼ 957) and healthy controls (N ¼ 430) were selected from the Netherlands Study of Depression and Anxiety. Assessments included lifetime manic symptoms at baseline and two-year follow up, as well as C-reactive protein (CRP), interleukin-6 (IL-6) and tumor necrosis factor alpha (TNF-a) at baseline. Within depressed patients, immune activation was not related to the presence or absence of lifetime manic symptoms at baseline. However, CRP levels were strongly elevated in depressed men who developed manic symptoms compared with those who did not develop manic symptoms over 2 years (Po0.001, Cohen's d ¼ 0.89). IL-6 and TNF-a were also higher in depressed men with an onset of manic symptoms, but this association was not significant. However, we found that the onset of manic symptoms was particularly high in men with multiple elevated levels of inflammatory markers. Depressed men who developed manic symptoms during follow-up had increased immunological activity (especially CRP) compared with depressed men who did not develop manic symptoms. Further research should explore whether a treatment approach focusing on inflammatory processes may be more effective in this specific subgroup of depressed patients.
INTRODUCTION
The underlying pathophysiology of mood disorders, such as unipolar and bipolar depression, is receiving growing interest from researchers. The 'monocyte-T-cell theory of mood disorders', 1,2 for example, considers activation of the immune response system as the driving force behind mood disorders. This theory implies that there is a disbalance in immune regulatory processes, resulting in a more pro-inflammatory state. As pro-inflammatory cytokines are capable of destabilizing brain function, 3 the brain may become more vulnerable to stress, causing the onset of mood disorders. Pro-inflammatory cytokines can act as neuromodulators affecting both the neuroendocrine and neurochemical pathways, thereby causing mood symptoms. 4 Two recent meta-analyses have reported that unipolar depressed patients showed increased levels of inflammatory markers (for example, C-reactive protein (CRP), interleukin-6 (IL-6) and tumor necrosis factor alpha (TNF-a)), compared with healthy controls. 5, 6 However, these pooled studies showed heterogeneous results, with most studies reporting higher levels of proinflammatory cytokines, [7] [8] [9] but with others presenting normal 10, 11 or even lower 12 levels in unipolar depressed patients vs healthy controls. Although these contradicting findings may partly reflect methodological differences across studies (for example, type of assessment, 6 small sample sizes 6 or selection of covariates 6, [13] [14] [15] [16] [17] [18] ), it has also been hypothesized that immune activation may only play a role in specific subgroups of unipolar depression. 19, 20 For example, Vogelzangs et al. 19 reported that men, but not women, with a current depressive disorder showed significantly increased levels of CRP compared with healthy controls, especially in those with late-onset disorders. Moreover, a recent meta-analysis found that inflammation activation appeared to be more often present in patients with atypical depression features. 20 As previous studies have found strong associations between immune activation and bipolar disorder, [21] [22] [23] it may also be important to consider the impact of (subthreshold) manic symptoms on the association between immune activation and depressive disorder. Although the prevalence of manic symptoms is around 40% in patients with unipolar depression, 24, 25 and, in addition, 20.6% of unipolar depressed patients are likely to develop manic symptoms during their course of depression, 26 no previous study has examined the association between immune activation and manic symptoms in depressed patients. Furthermore, in the recent DSM-5, the 'mixed episode' in major depression is replaced with a 'mixed features' specifier for manic, hypomanic and major depressive episode. 27 Clinical studies have shown that depressed patients with manic symptoms are less likely to respond to regular treatment in unipolar depression (for example, use of antidepressants and psychotherapy), 28, 29 and, in addition, evidence suggests that increased inflammatory cytokines prior to treatment may predict non-response. 30, 31 As both non-response and the onset of manic symptoms are associated with a more severe and chronic course of depression, it could be hypothesized that high levels of cytokines not only underlie non-response but also predict the onset of manic symptoms in depressed patients. Taken together, these findings suggest that the role of inflammatory markers may be more pronounced in depressed patients with manic symptoms than in patients without these symptoms. Therefore, the present study aimed to examine whether immune activation was associated with (a) the presence of manic symptoms and (b) the onset of manic symptoms during 2 years of follow-up in patients with a depressive disorder. To avoid the limitations of previous studies, this study included a large sample of currently depressed patients (N ¼ 939) in whom manic symptoms were thoroughly assessed, as well as healthy controls (N ¼ 430). Because previous research has found sex differences in the association between inflammatory markers and depressive disorders, 6, 19 the results for men and women were shown separately. In addition, we were able to explore the role of potential confounders, such as sociodemographics, childhood trauma, 32 lifestyle factors and disease-related factors. This is important, as these factors are related to inflammatory markers [13] [14] [15] [16] [17] 33, 34 as well as depression with and without manic symptoms. 18, 35, 36 Furthermore, we have explored the additive effect of the different inflammatory markers, which, to our knowledge, no other study has done before.
SUBJECTS AND METHODS

Sample and measures for depression and manic symptoms
Data were derived from the Netherlands Study of Depression and Anxiety (NESDA), an ongoing cohort study (N ¼ 2981, age 18-65 years) including 2329 persons with a lifetime diagnosis of a depressive and/or anxiety disorder, as well as 652 healthy controls at the baseline assessment. Participants were recruited from the community (19%), general practice (54%) and secondary mental health care (27%). Patients with a primary clinical diagnosis of bipolar disorder, obsessive compulsive disorder, severe substance use disorder and psychotic disorder were excluded from the study. The research protocol was approved by the ethical committee of the participating universities and all the participants provided written informed consent. For a detailed description about the NESDA study, see Penninx et al. 37 For the present study, we used data from the baseline (cross-sectional analyses) as well as 2-year follow-up (prospective analyses) assessment (overall response rate: 87.1%; see Lamers et al. 38 also for determinants of non-response). During the baseline interview, the presence of depressive (major depressive disorder, dysthymia) and anxiety disorders (social phobia, generalized anxiety disorder, panic disorder and agoraphobia) was established using the Composite International Diagnostic Interview (CIDI) according to DSM-IV criteria. 39 The CIDI is a highly reliable instrument with high inter-rater reliability rates. 40 The severity of depression was measured by the 28-item self-report Inventory of Depressive symptoms (IDS). 41 To detect the presence of lifetime manic symptoms, the Mood Disorder Questionnaire (MDQ) 42 was used at baseline as well as 2-year follow-up. The MDQ is a 15-item self-report questionnaire comprising 13 dichotomous items on the lifetime presence or absence of manic symptoms as well as two additional questions regarding the clustering of symptoms in time and severity of related problems. We considered manic symptoms to be present when a patient reported seven or more positive answers from the thirteen items, irrespective of the answers on the two additional questions. Our group recently showed that this strategy is adequate in detecting a recent (hypo)manic episode (sensitivity ¼ 0.83 and specificity ¼ 0.82).
43 Figure 1 shows the flow chart presenting the procedures to select participants for our cross-sectional and prospective analyses. For the crosssectional analyses (based on the baseline assessment), the following groups were distinguished: (a) healthy controls (reference group I: N ¼ 430) without any lifetime depressive or anxiety disorder, without depressive symptoms (IDS score lower than 14) and without manic symptoms (MDQ score lower than 7); (b) patients with a current (o6 months) depressive disorder, but without lifetime manic symptoms (reference group II: N ¼ 533); and (c) patients with a current (o6 months) depressive disorder and lifetime manic symptoms(N ¼ 368). For the prospective analyses we considered the absence (reference group: N ¼ 435) or presence (N ¼ 65) of manic symptoms at the 2-year follow-up assessment in patients with a current depressive disorder and without lifetime manic symptoms at baseline.
Inflammatory markers
Inflammatory markers were evaluated at the baseline measurement and included CRP, IL-6 and TNF-a. Fasting blood samples of the participants were obtained at approximately 0800 hours and kept frozen at À 80 1C. CRP and IL-6 were assayed at the Clinical Chemistry department of the VU University Medical Center. High-sensitivity CRP plasma levels were measured in duplicate by an in-house ELISA based on purified protein and polyclonal anti-CRP antibodies (Dako, Glostrup, Denmark). Intra-and Subjects enrolled in NESDA at baseline: N=2981
Current depressive disorder: N=1140
No lifetime depressive/anxiety disorder and IDS<14: N=504
Missing inflammation data: N=75
No manic symptoms: N=553
Healthy controls: N=430
Manic symptoms N=386
Missing MDQ data: N=201
No manic symptoms at follow-up: N=435
Manic symptoms at follow-up: N=65
Sample for cross-sectional analyses at baseline
Missing MDQ data at follow-up: N=53 Figure 1 . Flow-chart for the cross-sectional and prospective analyses.
Sample for prospective analyses
Association between immune activation and manic symptoms K Becking et al inter-assay coefficients of variation were 5% and 10%, respectively. Plasma IL-6 levels were measured in duplicate by a high-sensitivity enzyme-linked immunosorbent assay (PeliKine Compact ELISA, Sanquin, Amsterdam, The Netherlands). Intra-and inter-assay coefficients of variation were 8% and 12%, respectively. Plasma TNF-a levels were assayed in duplicate at Good Biomarker Science (Leiden, The Netherlands), using a high-sensitivity solidphase ELISA (Quantikine HS Human TNF-a Immunoassay, R&D Systems, Minneapolis, MN, USA). Intra-and inter-assay coefficients of variation were 10% and 15%, respectively.
Covariates
On the basis of previously reported associations with depression, manic symptoms and inflammatory markers, sociodemographics, 33-36 childhood trauma, 32 lifestyle factors, 6,13-15 and disease-related characteristics 6, [16] [17] [18] were selected as covariates. Sociodemographics included age and years of education. Lifestyle factors included smoking status (never, former or current, assessed by self-report), alcohol intake (no (o1 drink per week), moderate (women: 1-14 drinks, men: 1-21 drinks per week) or heavy (women414 drinks, men421 drinks per week) alcohol intake). Body mass index (BMI; weight in kilograms divided by height in meters squared) and physical activity measured with the International Physical Activity Questionnaire 44 in MET-minutes (metabolic equivalent; total effort expended in different activities over a week). Childhood trauma was assessed by the Childhood Trauma NEMESIS Questionnaire, which shows a high similarity with the Childhood Trauma Interview, which is a reliable and valid method for brief assessment of multiple dimensions of childhood interpersonal trauma. 45 Then a cumulative index was calculated as the sum of experienced number and frequency of childhood trauma for each participant (range 0-8). Disease-related characteristics included the presence of cardiovascular disease (assessed by self-report and appropriate medication use, based on an article by Vogelzangs et al. 46 ) and the presence of diabetes (fasting plasma glucose level X7.0 mmol l À 1 or use of antidiabetic medication (A10)). Medication use was classified according to World Health Organization Anatomical Therapeutic Chemical classification. 47 Furthermore, self-reported chronic diseases for which persons were receiving treatment were assessed, including lung disease, osteoarthritis or rheumatic disease, cancer, ulcer, intestinal problems, liver disease, epilepsy and thyroid gland disease. Medication included use of statins (C10AA, C10B), anti-inflammatory medication (M01A, M01B, A07EB and A07EC) and antidepressants (selective serotonin reuptake inhibitors (N06AB), serotonin-norepinephrine reuptake inhibitors (N06AX16 and N06AX21), tricyclic (N06AA) and tetracyclic antidepressants (N06AX03, N06AX05 and N06AX11)).
Statistical analyses
All data were analyzed with SPSS version 20.0 (SPSS, Chicago, IL, USA). Baseline characteristics for men and women were compared using Pearson's chi-square tests for dichotomous and categorical variables, independent T-tests for continuous variables. For subsequent analyses, CRP, IL-6 and TNF-a were ln-transformed to normalize distributions and presented back-transformed. The results are shown for men and women separately, as previous analyses on the same data set 19 demonstrated that only depressed men, but not depressed women, had elevated inflammatory markers compared with healthy controls. To justify sex stratification in our analyses on manic symptoms, we have also tested sex interactions by including a sex by manic symptoms interaction term.
To examine whether inflammatory markers (CRP, IL-6 and TNF-a) differed for depressed patients with manic symptoms compared with healthy controls (reference group I) and depressed patients without manic symptoms (reference group II), analyses of (co)variance were used. The same analyses were used to determine whether inflammatory markers were associated with the onset of manic symptoms during 2 years of follow-up. Results of unadjusted analyses as well as analyses adjusted for sociodemographics (basic adjustment) and additionally adjusted for childhood trauma, lifestyle and disease-related factors (full adjustment) were presented. As a set of sensitivity analyses, analyses were also adjusted for use of antidepressants. Finally we investigated the additional effect of the different inflammatory markers on the association with manic symptoms by dividing our patients into four groups (with 0, 1, 2 or all 3 inflammatory markers in the highest quartile) and comparing the percentage of manic symptoms between these groups. Table 1 shows the baseline characteristics across healthy controls, depressed patients without lifetime manic symptoms and depressed patients with lifetime manic symptoms in men (N ¼ 476) and women (N ¼ 893) separately. In both men and women, significant differences were found for education level, childhood trauma, smoking status, alcohol use, number of chronic diseases and use of antidepressants. Differences in anti-inflammatory medication were only significant for men, whereas those in cardiovascular disease were significant only in women. Pearson's correlations between inflammatory markers were modest, likely reflecting only partial biological overlap, and were generally higher in men (CRP-IL-6: r ¼ 0.33; CRP-TNF-a: r ¼ 0.12; IL-6-TNF-a: r ¼ 0.11) than in women (CRP-IL-6: r ¼ 0.005; CRP-TNF-a: r ¼ 0.02; IL-6-TNF-a: r ¼ 0.04). Table 2 shows the unadjusted and adjusted mean levels of CRP, IL-6 and TNF-a across healthy controls, depressed patients without manic symptoms and depressed patients with manic symptoms at baseline. All results were presented for men and women separately, as sex interactions were significant for CRP (P ¼ 0.01) and IL-6 (P ¼ 0.01), but not for TNF-a (P ¼ 0.88). Levels of CRP and IL-6 were significantly higher in patients with and without manic symptoms compared with controls. These associations remained significant after basic adjustment, but not after adjustment for childhood trauma, lifestyle and disease-related factors. In addition, no significant differences were found for depressed patients with vs without manic symptoms in the unadjusted or adjusted analyses. Baseline depression with or without manic symptoms was not related to TNF-a in men or any of the inflammatory markers in women.
RESULTS
Then, we examined whether baseline inflammatory markers were associated with the onset of manic symptoms during 2 years of follow-up in a sample of depressed patients without manic symptoms at baseline (see Table 3 ). Even after full adjustment, baseline CRP levels were significantly higher (Cohen's d ¼ 0.85) in depressed men with manic symptoms at follow-up compared with patients with no manic symptoms at follow-up. This association remained significant after adjustment for use of antidepressants at baseline and depression status at follow-up. Depressed men with an onset of manic symptoms had also higher levels of IL-6 and TNF-a compared with depressed men without an onset of manic symptoms, but these associations were not statistically significant (full adjustment, IL-6: P ¼ 0.34; TNF-a: P ¼ 0.25).
The shapes of the prospective associations were illustrated with graphs plotting the onset of manic symptoms across groups with increasing levels (quartiles) of inflammatory markers (see Figure 2) . A non-linear association was found for CRP, as the percentage of patients with an onset of manic symptoms was only increased in patients in the highest quartile of CRP, which was significantly higher than in the three groups with lower levels of CRP (Q4 vs Q1: P ¼ 0.002; Q4 vs Q2: P ¼ 0.013; Q4 vs Q3: P ¼ 0.003). Although the associations of IL-6 and TNF-a were not significant, the onset of manic symptoms was higher in depressed men with higher levels of these markers. This could indicate that these markers, in addition to CRP, may contribute to the onset of manic symptoms. This was also demonstrated by the last graph in Figure 2 , showing that the onset of manic symptoms gradually increased with the number of inflammatory markers in the highest quartiles (range: 0-3).
DISCUSSION
To our knowledge, this study is the first in examining the association between immune activation and (1) the presence and (2) the onset of manic symptoms in a large sample of depressed patients. Our findings showed substantial differences in the crosssectional inflammatory marker levels across depressed patients Association between immune activation and manic symptoms K Becking et al with and without manic symptoms vs healthy controls. However, after complete adjustment for covariates, these differences were not significant. In the prospective analyses CRP was a strong predictor of the onset of manic symptoms during 2 years of follow-up in depressed men. IL-6 and TNF-a levels were also higher in depressed men with an onset of manic symptoms, but this association was not significant. When combining these inflammatory markers, we found that the onset of manic symptoms was significantly higher in men with multiple elevated levels of inflammatory markers.
Prospective findings Our findings showed that increased levels of CRP were a strong risk factor for the onset of manic symptoms in depressed men. This association was independent of the effects of sociodemographics, childhood trauma, lifestyle and disease-related factors. Our findings also suggest that IL-6 and TNF-a may be additional risk factors for the onset of manic symptoms as the development of manic symptoms was particularly increased among those with multiple elevated inflammatory markers. This may indicate that increased levels of inflammatory markers in patients with unipolar Association between immune activation and manic symptoms K Becking et al depression reflects a biological vulnerability for future conversion to bipolar disorder and may therefore be a risk factor for the onset of manic symptoms in patients with unipolar depression. A recent study supports this theory, as it was shown that offspring of patients with bipolar disorder had a more pronounced pro-inflammatory gene expression signature than offspring of persons without psychopathology. 48 Another recent study confirms our findings, since they have found a positive association between hypomanic and manic symptoms and CRP in adolescents. 49 Another important finding was that we found a clear statistically significant relationship for CRP with the onset of manic symptoms, while for IL-6 and TNF-a this relationship was statistically not significant. So it seems that these markers are not as strongly associated to manic symptoms as CRP, although the cumulative measurement of the three markers does have a strong association with the onset of manic symptoms. There is growing evidence that especially CRP is associated with manic symptoms, 50, 51 whereas there are discrepancies between studies investigating cytokines and mania. 22 We hypothesized that it may be better to consider immune dysregulation, instead of immune activation. Induction of CRP in hepatocytes is principally regulated by IL-6; 52 it could be that, due to the immune dysregulation that occurs in depressed patients, the hepatocytes overreact to normal or lightly increased IL-6 levels and therefore produce excessively high levels of CRP. We know that the inter-relationship between the different inflammatory markers is complex; it could be that CRP is a more resumptive measurement of inflammation activation, as CRP levels are regulated by cytokines. Future research should focus on the underlying pathways and try to unravel the relationships of these inflammatory markers.
Cross-sectional findings The present study showed that depressed men with and without manic symptoms had substantially higher serum levels of CRP and IL-6, but not TNF-a, than healthy controls. This corroborates the findings of some previous studies reporting on immune activation in patients with unipolar depression 7, 8 and bipolar depression. 53 However, we did not find differences in inflammatory levels between depressed patients with and without manic symptoms. This confirms recent findings from a study by Su et al., 54 who did not find statistically significant differences in CRP, IL-6 and TNF-a levels between unipolar and bipolar depressed men. But our finding contradicts with two other studies 50, 51 reporting on significantly higher levels of CRP during mania compared to other mood states in BD. However, these two studies considered patients who were experiencing manic symptoms at the moment of immunological assessment, whereas our study focussed on lifetime manic symptoms. Consequently, a large proportion of our Compared with reference group II (persons with depressive disorder and without manic symptoms).
c To normalize inflammation parameters, CRP, IL-6 and TNF-a were ln-transformed; for interpretation the means and standard errors were back transformed.
d Based on analyses of covariance adjusted for age and education. e Based on analyses of covariance additionally adjusted for childhood trauma, smoking status, alcohol intake, body mass index, physical activity, diabetes, cardiovascular disease, number of other chronic diseases, anti-inflammatory drug and statin use.
Association between immune activation and manic symptoms K Becking et al sample probably experienced manic symptoms in the past and not at baseline measurement. More research is needed to determine whether inflammatory activation is only related to recent and not to previous manic symptoms.
Possible mechanisms Several mechanisms may explain the association between the activated immune system and manic symptoms. First, sleep is a powerful regulator of the immune system and prolonged loss of sleep induces increasing cytokine and CRP levels. 55 Other studies also showed that manic patients often (69-99%) experience reduced need for sleep, 56 and that sleep disturbances often escalate just before a (hypo)manic episode. [57] [58] [59] Consequently, it could be that the onset of manic symptoms is caused by the increased immunological activity resulting from sleep disturbances. Another mechanism that relates proinflammatory cytokines to mood disorders is their capacity to induce the indoleamine-2,3-dioxygenase enzyme, which catalyzes the synthesis of kynurenine from tryptophan, [60] [61] [62] leading to degradation of tryptophan, which can cause depressive symptoms by reducing the availability of this precursor for the synthesis of serotonin and melatonin. 60, 61 Moreover, activation of indoleamine-2,3-dioxygenase leads to the production of detrimental tryptophan catobolites with neurotoxic effects, inducing a chronically depressed state. 63 As previous studies also showed that significantly more tryptophan was broken down to kynurenine in manic patients, 64, 65 the degradation of tryptophan may disrupt the patients' euthymic state by causing either depressive or manic symptoms.
Implications
From a clinical point of view, it is important to examine whether immune activation predicts the development of manic symptomatology in patients with depression. The identification of manic symptomatology is often delayed in clinical practice, 66 which is problematic as depressed patients with manic symptoms are usually more therapy-resistant 28 and are more likely to commit suicide attempts. 29 This clinical relevance of bipolarity in unipolar depression has motivated the DSM-5 work group to include bipolar disorders not only but also a mixed features specifier for major depressive disorder in the new version of the DSM. 27 This emphasizes the importance of the search for a biomarker that can detect a predisposition for bipolar disorder and it is tempting, but not completely appropriate, to consider CRP as such a biomarker. Interestingly, recent findings suggest that patients with high inflammatory activity may respond less to antidepressants and better to anti-inflammatory medication. [67] [68] [69] Depression is a heterogeneous concept and studies investigating immune activation in mood disorders are important to further differentiate particular subgroups in which immune activation plays an Based on analyses of covariance additionally adjusted for childhood trauma, smoking status, alcohol intake, body mass index, physical activity, diabetes, cardiovascular disease, number of other chronic diseases, anti-inflammatory drug and statin use.
Association between immune activation and manic symptoms K Becking et al etiological role or has clinical implications. It is likely that the monocyte-T-cell theory of mood disorders does not apply to all depressed patients, and our findings add to this rapidly growing body of literature by showing that higher levels of inflammatory markers are found among depressed men who are more at risk to become bipolar.
Strengths and limitations
The strengths of this study are its large sample size, the possibility to address cross-sectional as well as longitudinal associations, the use of clinical diagnoses of depression instead of self-report questionnaires, the assessment of multiple inflammatory markers and adequate adjustment for a comprehensive set of potential confounders. However, some limitations have to be recognized. Despite the large sample size, the group of patients with manic symptoms at follow-up was still small (N ¼ 65). Second, we used a 2-year interval between baseline measurements and follow-up, and future studies should ideally look at shorter follow-up periods or more frequent measurements to further determine the nature of these longitudinal associations. Furthermore, all patients with a clinical diagnosis of bipolar disorder at baseline were excluded. It would be interesting to further examine the inflammatory activation in patients who have more severe, clinically established bipolar disorder, and not only those who experienced manic symptoms assessed by the MDQ. Another limitation of the MDQ is that it only measures lifetime manic symptoms and, therefore, it was impossible to determine whether these symptoms were actually present at baseline assessment or only previously. Finally, the modest overall associations between depression, manic symptoms and immune activation may be explained by the fact that we have used circulating levels of inflammatory markers that vary substantially within individuals. When peripheral cytokines are used, it is a temporary measurement of the immune system, and one cannot automatically assume that this reflects immune activity in the central nervous system. Future research should therefore also consider more proximal factors, such as the genetic activation of monocytes, which can be measured in mRNA known activator genes of monocytes and microglia activation in the brain.
CONCLUSION
Although immune activation was not related to the presence of lifetime manic symptoms in depressed patients, we did find that depressed patients with and without lifetime manic symptoms had substantially higher levels of inflammatory markers compared to healthy controls. But after full adjustment, these differences were not significant anymore. However, we did find that CRP levels were significantly increased in depressed men with an onset of manic symptoms during 2 years of follow-up. The onset of manic symptoms was particularly high in men with multiple elevated levels of inflammatory markers, which may indicate that a subgroup of depressed patients with increased immunological activity is at greater risk for incident manic symptoms. Further research should explore whether a treatment approach focussing on inflammatory processes may be more effective in the treatment of specific subgroups of depressed patients. Association between immune activation and manic symptoms K Becking et al
